Recent experimental evidences have prompted us to study the dynamics of laser-assisted rotational excitation of a diatomic molecule due to an ion impact. The collision time between the ion and the molecule is very small (few atomic units) and the laser pulses considered are of picosecond range. We study the evolution of the rotational probabilities by varying the various laser parameters (pulse shape, field strength, pulse width, frequency) and collision parameters (impact parameter b, collisional velocity v). It is found that the probabilities of the rotational states depend strongly on the laser pulse parameters and the collision parameters. The study is more emphasised by studying J 2 (a parameter defining the extent of the rotational excitation) and Jz for the system under concern. For higher value of b, the maximum value obtained by J 2 increases and vice versa. Also, the molecule enters the transient mode for large b and v.
Introduction
The kinetics of low-temperature hydrogen plasmas (e, H, H + , H − , H 2 , H + 2 , H + 3 ) existing in various astrophysical and laboratory environments is quite complex. This is due to the fact that the number of quantum states of atomic and molecular species involved in the collision kinetics is very large (i.e. electronic and ro-vibrational excited states) and also the atomic and molecular collision kinetics are coupled by many interconversion processes. The information regarding the characteristics like reaction cross-sections or rate coefficients provides the key for interpretation of the observed properties of the atomic and molecular species considered.
It is well acquainted that the spectrum of a diatomic molecule changes significantly in the presence of an intense laser field which shows important non-linear effects during collisions in the presence of the laser field. The laser-induced collisions leading to energy transfer is an optical process where the laser field is applied during the collision between the two particles which could be the combination of ion with atoms or molecules [1] [2] [3] [4] [5] [6] [7] [8] , atom with atom [9] [10] [11] etc. The laser-induced collision was proposed in the 1970s [12, 13] . These processes find considerable importance in the field of laser-induced chemistry [14] , development of powerful lasers etc. and have been investigated both theoretically [15] [16] [17] [18] [19] [20] and experimentally [5, 6, [21] [22] [23] . * corresponding author; e-mail: anjalimaan2607@gmail.com
The inelastic scattering due to vibration and rotation is one of the simplest in the energy transfer processes and finds significant importance for understanding the kinetics of gas phase chemical reactions, energy balance in plasma, etc. The energy transfer collisions also influence the rate of radiation and thus determine the population and depopulation of the excited states. Many theoretical and experimental studies have been performed to study the ion-impact excitation of a diatomic molecule in the absence of the laser field [24] . The advent of laser has made it important to understand the energy transfer process in molecular collisions in the presence of radiation field. The exchange of the quanta of energy during the process of collision plays a significant role in the mechanism of lasers.
The laser-induced collisional energy transfer i.e. an optical process where a laser field is applied during the process of collision between the two different particles in order to induce energy transfer from a level (of one collisional species) to other level (of another collisional species), has been studied thoroughly [9] [10] [11] . The said process cannot occur unless two mechanisms viz. collision and radiative interactions occur. Neither of the two interactions can singly induce interparticle transition. The reaction representing laser-induced energytransfer process (between two atoms A1 and A2) can be expressed as A1
(1) During the process of collision between two different atoms, a strong dressing laser field is used to drive the ac stark splitting of the intermediate and the final state while the weak inducing laser field causes the interparticle transition, thereby resulting in the modification of the (1266) excitation profile. The dressing laser field cannot only be utilised to study the ac Stark effect of atomic levels but can also be used to realize the efficient population transfer, which makes this theoretical system a promising one. The experimental evidence of the collisional energy transfer along with its dynamics has been explained in detail in a series of papers [9, 11] . The interference effects due to the collision between the molecule and an ion has been observed [25, 26] . Also, the energy and angular distributions of electron emission from diatomic molecule by an ion impact has also been reported [27] .
The collision processes can occur in a variety of ways, out of which few are as follows:
(A) Electron-impact processes: The inelastic electron impact processes of an atom A, in a quantum state characterised by principal and angular momentum quantum numbers n and l, include e + A(nl) → e + A(n l ), n = n ≥ 1 (excitation), (2) e + A(nl) → e + A + + e, n ≥ 1 (ionization), (3)
(B) Proton-impact processes: The inelastic proton impact processes of an atom A, in a quantum state characterised by principal and angular momentum quantum numbers n and l, include
(C) Atom-atom collision processes: The inelastic collision of an atom A, in a quantum state characterized by principal quantum number n, with the same atom in state m (one of the atoms is in excited state) includes:
The rotational excitation in molecules have been studied in scarce [28, 29] . In the present work, we have developed the theory of collision aided rotational excitation of HBr molecule due to ion (proton) impact, in its ground electronic and vibrational state in the presence of a linearly polarized laser field. We assume that the collision time is quite small (is of the order of few atomic units) and the laser pulse is in picoseconds. We present an account of the general theory of the related process along with the basic equations involved and then discuss the dynamics of the system. The reaction of the laser-assisted collision of the present system can be expressed as H + + HBr(υ, J = 0) + n ω → H + + HBr(υ, J = J ), (10) where υ and J corresponds to the vibrational and rotational quantum number, respectively. To solve the present problem, we make use of the fourth-order RungeKutta method. At present to our knowledge, no experimental and theoretical work is available to compare with the present study. However, it is expected that with the advances in the laser technology, such experiments on ion-molecule systems be performed in near future. Further, we show the effect of collision process on the rotational excitation and on the extent of rotational excitation (defined by a parameter explained in theory) with respect to various collision parameters. The time evolution of collision process in laser field in future will help in developing techniques for molecular imaging. The structure of the paper is organized as follows. In Sect. 2, we present the theoretical approach used in our calculations, followed by Sect. 3, which present our results and the respective discussions and finally in Sect. 4, the conclusions are drawn.
Theoretical approach
We consider the collision between an ion and a polar diatomic molecule in the presence of linearly polarised laser pulse. We have taken here the example of HBr molecule which is one of the most studied polar molecules. We assume the laser field to be E(t) =ˆ E 0 (t) cos(ωt) (11) of amplitude E 0 (t) and the optical frequency ω. We haveˆ as the direction of polarization of the laser field and E 0 (t) = E 0 p(t), where E 0 is the field strength and p(t) is the pulse envelope for a half-cycle pulse (HCP) or a square pulse (SQP) defined as:
where t p is pulse duration. The Schrödinger equation, for this model, is (in atomic units)
where the first term on the right hand side represents the unperturbed Hamiltonian of the molecule and the second term is the interaction potential between the ion and the molecule and is given by [4] :
where µ(r) is the dipole moment operator of the molecule, cos χ = vt R and R is defined as:
is the position vector of the ion (proton) with respect to the centre of mass of the molecule, v is the collisional velocity and b is the impact parameter. Also, γ is the angle between r and R. Figure 2 shows how the asymmetric collision pulse changes with the changes in the collisional velocity (v) and the impact parameter (b). The term V L (E, ω) is the laser molecule interaction, i.e.
where θ is the angle between the polarisation vector of the laser and the body fixed axis. Both the collisional and the laser pulse are applied at time t = 0, i.e. there is no delay time between the two pulses. We have solved Eq. (14) using fourth-order Runge-Kutta method [30] [31] [32] with the initial condition taken as molecule being in the ground rotational J = M = 0 state at t = 0 state. This method is quite suitable in obtaining rotational probabilities as their is no dressing by the continuous laser field (which require alternate methods like quasi-energy technique as used by other groups [2] [3] [4] ). In fact, we have applied a laser pulse of short duration. The parameter J 2 defines the extent of the rotational excitation and is defined as follows [33] :
Results and discussion
In the present paper, we have investigated the results that illustrate the qualitative features of rotational transitions of a polar diatomic molecule (HBr) due to an ion (proton) impact in the presence of linearly polarised electromagnetic radiation. HBr is a polar molecule with moderate permanent dipole moment µ = 0.82876 D and rotational constant B = 8.348296 cm −1 [31, 32] . The rotational constant of HBr shows that the rotational period of the molecule is approximately 2.04 ps [34] . We assume that the collision time (t c ) is quite short and also the laser pulse (t p ) is of short duration i.e. 0.2 ps (unless otherwise indicated).The frequency is taken to be zero (unless otherwise indicated). The solution of the Schrödinger equation is obtained using fourth-order Runge-Kutta method as described in Sect. 2. In our calculations we have taken the lowest ten rotational levels (J = 0, 1, ...., 9) and the figures with no indicated probability of any particular rotational level show the zero probability of that rotational state. The laser pulse taken is HCP unless mentioned otherwise.
In Fig. 2 we present the time evolution of the interaction parameter V C . Part (a) shows V C for three different values of the impact parameter (b) while part (b) shows the same for three different values of the collisional velocity (v). We find that an increase in the impact parameter reduces the sharpness in the peak of the asymmetric pulse thereby reducing the force being applied in the form of "kick" to the target molecule. Also, the decrease in the collisional velocity (v) increases the area of the collision pulse, thereby increasing its energy. Thus, by proper choice of the parameters of the collision pulse, we can modify the evolution of the rotational probabilities of the system under concern. Figure 3 depicts the time-evolution of the probabilities of various rotational states. The probabilities of the levels zero to nine (i.e. ten levels) have been shown in two separate figures. The values of the field intensity E 0 , col- parts (a,b) ). The laser pulse applied is a HCP. The inset in Fig. 3a shows the effect of low field strength i.e. E0 = 10 −4 a.u. on the rotational probabilities. The denotation of curves is shown in Fig. 3c,d. lisional velocity v and the pulse duration t p are the same in all the figures and are 10 −2 , 0.01, and 0.2 ps, respectively. The only difference is in the value of the impact parameter b which is 10 a.u. in Fig. 3c and d and 6 a.u. in Fig. 3e and f. However, in Fig. 3a and b , there is no collision (i.e. only the V L is taken into consideration). For a particular value of E 0 , v, t p and b (say 10 a.u.), the transition probabilities of the states (J = 0, ..., 4) are shown in Fig. 3c whereas for the levels (J = 5, ..., 9) it is shown in Fig. 3d . The figure clearly depicts that for lower value of impact parameter (in Fig. 3e,f) i.e. when the projectile is near the center of mass of the molecule, the probabilities of higher rotational states do not attain a higher value in spite of the large value of the field strength. On the other hand, if the value of the impact parameter b is increased from 6 a.u. to 10 a.u., the higher rotational states get excited for the same value of E 0 . This is because of the fact that, on increase in the impact parameter, the effect of the ion on the molecule becomes less influential and that of the field becomes more prominent. Thus, we can say that the impact parameter plays a significant role in the rotational excitation dynamics of the molecule. In addition to this, we also find that in the absence of the collision term, or in the presence of only the laser term, the excitation to higher rotational state increase. As can be seen in Fig. 3b and d Fig. 3d it occurs for levels J = 5, 6. This means that the collision term which is an asymmetric pulse is a distracting factor in causing rotational excitation to higher states for higher fields. However, at lower fields (say E 0 = 10 −4 a.u.) the rotational excitation is limited to ground state only (shown in inset of Fig. 3a) . In addition to the above, we can say that as we decrease the sharpness of the peak of the asymmetric pulse i.e. from Fig. 3f to Fig. 3d and finally to Fig. 3b (where V C = 0 i.e. no peak at all), the probability of transition to higher rotational states becomes large. Figure 4 shows the variation in the rotational probabilities as a function of time in picoseconds for the case when the laser pulse is HCP. The field strength, collisional velocity, and the impact parameter are taken to be 10 −2 , 0.01, and 6 a.u., respectively. Figure 4a ,b shows the evolution of the rotational probabilities when both the laser pulse V L and the collision pulse V C are taken into consideration while Fig. 4c,d are meant for only the laser pulse. Also, Fig. 4e ,f reflects the response of only the collision pulse. The figure clearly depicts that when both the laser and the collision pulse are applied (in Fig. 4a,b) , the transition probabilities stay in lower rotational states, while they persist in higher rotational states for only the laser pulse. In case of only the collision pulse, the transition Fig. 4 . Rotational probabilities as a function of the time (ps) for HCP as laser pulse. Here, pulse duration tp is 0.2 ps, collisional velocity v is 0.01 a.u., the field strength E0 = 10 −2 a.u. and the impact parameter b is 6 a.u.. Figure 4a ,b shows the effect of both the laser and the collision pulse while Fig. 4c,d presents the behaviour of only the laser pulse. Also, Fig. 4e ,f is meant for only the collision pulse. The insets in Fig. 4a,c,e show the probabilities of J = 0 state. The denotation of curves is shown in Fig. 4c,d. probability stays in lower rotational states with difference in their values. Actually, the only collision pulse is not sufficient to cause the rotational excitation to higher states. On the other hand, a single HCP laser pulse of strong field strength provides "kick" to molecule and causes transition in the probabilities to higher rotational states. A combination of both HCP and asymmetric collision pulse produces a net asymmetric pulse which also causes rotational excitation to lower rotational states. Figure 5 is the same as Fig. 4 but for a square pulse. The figure shows that a combination of a square and a asymmetric collision pulse causes rotational excitation to higher states which was restricted to lower rotational states in case of HCP. However, the only square pulse of the said field strength causes the rotational excitation to intermediate rotational levels from J = 0 to J = 1, 2, 3, 4 etc. The effect of only collision term is the same as in Fig. 4 . Thus, we can say that a proper choice of the laser pulse shape can provide a way to decide the desired rotational excitation. Figure 6a and b shows the said variation for lower value of E 0 i.e. 10 −6 a.u. whereas Fig. 6c and d for higher value of E 0 i.e. 10 −2 a.u.. The collisional velocity and the pulse durations are the same for all the figures i.e. 0.01 a.u. and 0.2 ps, respectively. Due to the difference in the probabilities and also because of the large number of levels, the transition probabilities have been represented in two figures. The figure clearly depicts that the transition probabilities take the peak values and settle down to zero at lower value of impact parameter for lower value of the field strength. This is because of the fact that the higher Fig. 6a,b ) and E0 = 10 −2 a.u. (in Fig. 6c,d ). The laser pulse is HCP. The denotation of curves is shown in Fig. (a,b) .
fields maintains higher probabilities of each rotational state for any value of the impact parameter. Thus, we can deduce that the impact parameter decides the maximum probability for any rotational level for a particular value of field strength. Fig. 7a,b) and 6 a.u. (in Fig. 7c,d ). The laser pulse is HCP. The denotation of curves is shown in Fig. 7a,b. and b) and 6 a.u. (in Fig. 7c and d) . The figures clearly depict that the higher rotational states get excited with the increase in the field intensity E 0 , thereby decreasing the probabilities of the lower rotational states as has also been shown [32] . But, here the difference lies in the fact how these rotational excitations vary with the change in value of the impact parameter. We can easily judge from the figure that for the lower value of impact parameter b, the higher rotational states take peak values of probability earlier, whereas the same occur for b = 10 a.u. later. This is because, at lower value of impact parameter b, the ion-molecule interaction assists in rotational excitation, so that the probabilities acquires the peak values for lower E 0 . Thus, we can say that by properly choosing the value of the field strength E 0 (within the limits not to ionize molecule) and the impact parameter b, we can cause the rotational excitation of the required rotational state to its peak value. Figure 8 depicts the variation in the probabilities as a function of the collisional velocity in atomic units. The change is being studied for two different values of the field amplitudes E 0 i.e. a lower value 10 −6 a.u. and a higher value 10 −2 a.u. The transition probability of ten rotational states for any particular E 0 are being reflected in two separate figures for example for E 0 = 10 −6 a.u., Fig. 8a and b shows the transition probabilities and Fig. 8c and d for E 0 = 10 −2 a.u. The impact parameter and the pulse duration are taken to be 5 a.u. and 0.2 ps, respectively. Figure 8c and d shows that the rotational excitation is initiated at lower collisional velocities and then the probabilities attains almost a constant value for higher values of collisional velocities. Thus, we can say that even at higher field strengths, the low collisional velocities are more suitable in rotational excitation Fig. 8a,b) and 10 −2 a.u. (in Fig. 8c,d ). The impact parameter b is 5 a.u. and the pulse duration tp = 0.2 ps. The laser pulse is HCP. The denotation of the curves are shown in Fig. 8a,b. of almost all rotational states. Also, we can increase or decrease the probabilities of the rotational states by properly choosing the collisional velocity v of the projectile for particular value of E 0 . Figure 8a and b also reflects that for lower value of E 0 i.e. 10 −6 a.u., the higher rotational states (J = 1, ..., 4) get excited for higher value of v and finally the transition probabilities lowers to zero value for higher v. Also, for further higher rotational states (i.e. J = 5, ..., 9), the probability ends up for lower values of v. Thus, we can say that the probability does not sustain to higher values even on increasing the collisional velocity for lower value of E 0 . Figure 9 shows the variation in the probabilities with the change in frequency (in cm −1 ). Figure 9a and b shows the said variation with only the laser term V L only, whereas Fig. 9c and d shows the same for both V L and V C . The field strength E 0 , collisional velocity v, pulse duration t p and the impact parameter b are assumed to be 10 −3 a.u., 0.01 a.u., 0.2 ps, and 5 a.u., respectively. The oscillating behaviour in the probabilities is due to various resonances due to which the peaks are observable at different frequencies. However, these peaks tends to reduce on removing the collision term from the interaction terms. We also find that the oscillating behaviour in the probabilities is more probable for higher rotational states by including the collision term V C . Thus, we can say that by including the collision term in the interaction Hamiltonian increases the number of resonances occurring at different frequencies. Fig. 9c,d ) and without (in Fig. 9a,b) the collision term VC . The impact parameter b is 5 a.u. and the collisional velocity v is 0.01 a.u. Also, E0 = 10 −2 a.u. and tp = 0.2 ps. The laser pulse is HCP. The denotation of the curves is shown in Fig. 9a ,b. Figure 10 shows the variation in the probabilities with the change in the pulse duration t p (in ps). The collisional velocity v, impact parameter b and the field strength E 0 are taken to be 0.01, 5, and 10 −2 a.u., respectively. The behaviour of the probabilities with the Fig. 10 . Probability of various rotational states as a function of pulse duration tp. The impact parameter b is 5 a.u., the collisional velocity v is 0.01 a.u. and E0 = 10 −2 a.u. The laser pulse is HCP. The denotation of the curves is shown in Fig. 10a,b. pulse duration is oscillatory in nature. It is found that the immediate excited states (J = 1, ..., 4) take peak values near the pulse duration 0.2 ps for the HBr molecule. However, the excited states (J = 5, ..., 9) keep on oscillating for changes in the value of the pulse duration and take peak values at different values of t p . This is because of the fact that, as the field is high, the higher rotational states get excited even for lower value of the pulse width. However, the lower rotational states get excited for the pulse duration in the non-adiabatic limit (t p ≈ T rot /10). Thus, the pulse duration can prove to be an important criterion in manipulating the rotational excitation of the molecule. Figure 11a depicts the time-evolution of J 2 for three different values of impact parameter b. The pulse duration t p , collisional velocity v and the field strength E 0 are taken to be 0.2 ps, 0.01 a.u., and 10 −2 a.u., respectively. The figure clearly depicts that J 2 goes along with the pulse and then settles down to a constant value. Also, for a higher value of b (impact parameter), we find that the constant value settles for larger value of J 2 . Thus, we can say that when the projectile is at a larger distance from the molecule i.e. when is under the effect of weak Coulomb potential, the extent of rotational excitation ( J 2 ) increases. This implies that the possibility of transition to higher states is more probable. At the same time, Fig. 11b represents the timeevolution of J z for the above said three different values of b. The values of t p , v and E 0 are the same as defined in Fig. 11a . The figure shows revivals for all the three cases of impact parameters, but we find that the maximum of J z is higher for lower b and decreases for higher b. Also, we find that between the primary revivals, there occur secondary and tertiary revivals and these decrease with increase in the value of b. It means that for larger value of the impact parameter, the molecule enters the transient mode. Figure 12a is the same as Fig. 11a but for different values of collisional velocity v keeping the value of pulse duration t p , impact parameter b and the field strength E 0 to be constant as 0.2 ps, 20 a.u., and 10 −2 a.u., respectively. The three different values of collisional v are taken to be 0.01, 0.05, and 0.1 a.u. Figure 12a reflects higher rotational excitation (i.e. higher J 2 ) for higher v. This is because a higher value of v implies larger value of energy of the projectile leading to higher rotational excitation of the molecule. Also, Fig. 12b depicts time-evolution of J z for three different values of v. The figure shows higher maxima of J z for lower value of v. Here, also there occurs secondary and tertiary maxima between the primary maxima, but the oscillations increase for higher v showing that the molecule is in transient mode for lower v.
Summary and conclusion
A theoretical investigation of the laser-assisted collisional rotational excitation between an ion and the molecule is reported for a linearly polarized laser radiation. The results shows that the transition probabilities depends strongly on the collision parameters like impact parameter b and collisional velocity v. The various laser parameters like pulse duration t p , pulse shape, frequency ω and the field strength E 0 also affects the dynamics. The extent of the rotational excitation J 2 and J z show strong dependence on the impact parameter b and the collisional velocity v. Such collision processes finds great importance for the development of short-wavelength laser sources. Also, the ability to excite the special target level of the chosen particle permits potential applications of laser-induced collisional energy transfer (LICET) [9, 10, 35] in controlling pathways of chemical reactions, thus making a detailed understanding of atomic dynamical processes possible. In addition, in case of laser-assisted collisions due to ion-molecule interaction, the laser acts as an external control parameter for the reaction mechanism [2] , for example by changing the ellipticity of the polarised laser field.
